ABSTRACT.-Few plant species have demonstrated the ability to hyperaccumulate heavy metals from contaminated soil. Recently, Pteris vittata L. has been identified as a hyperaccumulator of arsenic. Because gametophytic development is an essential stage in the fern life cycle, impacts of heavy metal hyperaccumulation on gametophytic and sporophytic tissue must be investigated if successional bioremediation efforts are to be implemented successfully. Our research showed that sporophytes as well as gametophytes of P. vittata are capable of As uptake and accumulation. Increased As (#2500 ppm) did not inhibit spore germination, and deleterious effects on gametophyte morphology were observed only after extended time periods on media with extremely high As concentrations ($600 ppm). Six other Pteris species varied in ability to germinate on As-containing media. Sporophytes of P. vittata showed no adverse effects when exposed to the highest soil As levels (1650 ppm); in fact, root proliferation was observed in areas of increased As concentration (250 ppm). Foliar application of an arsenical herbicide (calcium acid methanearsonate) to sporophytes resulted in decreased chlorophyll and carotenoid concentrations. Phosphate additions inhibited As uptake by sporophytes, indicating As uptake involves the phosphate transport system.
ABSTRACT.-Few plant species have demonstrated the ability to hyperaccumulate heavy metals from contaminated soil. Recently, Pteris vittata L. has been identified as a hyperaccumulator of arsenic. Because gametophytic development is an essential stage in the fern life cycle, impacts of heavy metal hyperaccumulation on gametophytic and sporophytic tissue must be investigated if successional bioremediation efforts are to be implemented successfully. Our research showed that sporophytes as well as gametophytes of P. vittata are capable of As uptake and accumulation. Increased As (#2500 ppm) did not inhibit spore germination, and deleterious effects on gametophyte morphology were observed only after extended time periods on media with extremely high As concentrations ($600 ppm). Six other Pteris species varied in ability to germinate on As-containing media. Sporophytes of P. vittata showed no adverse effects when exposed to the highest soil As levels (1650 ppm); in fact, root proliferation was observed in areas of increased As concentration (250 ppm). Foliar application of an arsenical herbicide (calcium acid methanearsonate) to sporophytes resulted in decreased chlorophyll and carotenoid concentrations. Phosphate additions inhibited As uptake by sporophytes, indicating As uptake involves the phosphate transport system. Arsenic (As), a group 15 metalloid known for its toxicity, commonly occurs in earth's crustal rocks and soil but is minimally present in and often highly detrimental to biological organisms (Cullen and Reimer, 1989) . While As concentrations in the environment are often low and non-problematic (,10 mg kg 21 in soil and ,1 mg kg 21 in plants), anthropogenic activities, such as mining, industry, and agriculture as well as natural geophysical processes elevate As levels (Adriano, 1986; Meharg et al., 1994; Brandstetter et al., 2000; Schmö ger et al., 2000) . Present techniques for decontamination of soils are costly and highly destructive to ecosystems by often requiring the physical removal of soil for chemical treatment or by rendering the substrate static McGrath et al., 2001) .
Phytoremediation, using plants to ameliorate contaminated water or soil, is a much less disruptive procedure (McGrath, 1998; Salt et al., 1998) . One such method of phytoremediation, phytoextraction, involves sequestration of contaminants in the harvestable portions of a plant for later removal and subsequent disposal (Salt et al., 1998; McGrath et al., 2001 ). This method is relatively more cost-effective and environmentally sound than engineering based clean-up processes. Often associated with phytoextraction are hyperaccumulators, plants that are tolerant of metals in plant tissues at levels higher than are found in the surroundings (McGrath et al., 2001; Meharg, 2003) .
Sporophytes of the Chinese ladder brake fern (Pteris vittata L.) have been discovered to hyperaccumulate As in concentrations up to 2.3% of dry biomass (Ma et al., 2001) , showing great potential as phytoremediators. Since this discovery, sporophytes of Pteris cretica var. albolineata Hooker, Pteris cretica 'Wimsetti', Pteris longifolia L., Pteris umbrosa R. Br., and Pityrogramma calomelanos (L.) Link have also been found to hyperaccumulate As Visoottiviseth et al., 2002; Zhao et al., 2002) .
In this study, the germination of spores as well as growth and morphology of gametophytes of P. vittata were assessed after exposure to and growth on Ascontaining media. Spore germination of six other Pteris spp. was examined in response to As. Root uptake and As accumulation by sporophytes of P. vittata were studied after growth on soils spiked with As. Competition between arsenic and phosphate for uptake by sporophytes was also studied. Root proliferation was observed directly in split soil rhizotrons with half arsenicladen soil and half arsenic-free soil. Lastly, survival and plant health, based on chlorophyll and carotenoid levels, were evaluated in response to application of As-containing herbicide.
MATERIALS AND METHODS
Spore collection and growth culturing conditions.-Mature fertile fronds of naturalized P. vittata sporophytes were collected for spore generation from the Ocklawaha River floodplain (near Gainesville, FL). Upon desiccation of fertile fronds for 48 h at room temperature on sheets of paper, the spores released from sporangia were collected. Additionally, sporangia were scraped with a dissecting needle to collect any remaining spores. Once collected, spores were stored in 15 ml centrifuge tubes at 4uC until time for experimentation. Vouchered herbarium specimens of Pteris vittata were reposited in the Paul Hollister herbarium at Tennessee Tech University (Cookeville, TN.) Sterilization and spore plating procedures were performed under a laminarflow hood (ENVIRCO TT4830 [#10564] ). Spores were first surface sterilized in a solution of 25% Chlorox and 0.1% Triton-X in sterile 15 ml centrifuge tubes for 10 min, then rinsed five times (10 min per rinse) with sterile distilled deionized (ddi) water. Spores were aseptically transferred using a 0.4% low melting agarose solution to Petri dishes containing MS salts, 3% sucrose, and 1% agar medium, with pH adjusted to 5.7 using 1 M NaOH (Murashige and Skoog, 1962) . Plates were then stored in darkness for 24 h at 4uC and subsequently placed in a growth chamber with a 16/8 h light-dark cycle and 100 mM?m 22 ?sec 21 photon flux at 27uC 6 3uC. Upon spore germination, gametophytes were used in subsequent gametophyte experiments. For sporophyte material, gametophytes were grown on the aforementioned growth media until fertilization occurred. Resultant sporophytes were transferred for growth on appropriate soil or culture media until ready for experimentation.
Pteris vittata spore germination and gametophyte experiments.-Surface sterilized spores of P. vittata were placed on nutrient agar containing As using the previously described method. Concentrations of As in the media were as follows: 0, 200, 625, 1250, and 2500 ppm (dry mass) in the form of potassium arsenate (KH 2 AsO 4 ; Sigma-Aldrich [#A-6631] ). All plates were kept in a growth chamber as described above for weekly observation.
Equal masses of ten-week-old gametophytes of P. vittata were transferred from As-free media to media containing As (0, 200, 625, 1250 , and 2500 ppm As). Transfers were done under a laminar-flow hood using flame-sterilized utensils. After 10 weeks of growth, gametophytes were removed from each plate and fresh weights were obtained. The gametophytes were then desiccated in an oven at 70uC for 24 h to obtain bulked dry weights. Care was taken upon gametophyte removal from the plates that agar media was not included.
Spore germination experiments of various pteris spp. on as media.-Spores of Pteris cretica var. albolineata, Pteris cretica 'Major', Pteris cretica 'Parkeri,' Pteris ensiformis Burm. var. victoriae Baker, Pteris gallinopes Ching, and Pteris pacifica Hieron. were obtained through the American Fern Society spore exchange program. The spores were plated on nutrient agar containing the following As concentrations (ppm): 0, 250, 500, 1025, 1900, and 2500. Additionally spores were plated on media containing 250 ppm As + 500 ppm phosphate. Phosphate was added as potassium phosphate (K 2 HPO 4 ; J. T. Baker Chemical Co. [#3252-1]). The plates were maintained in growth chamber conditions as previously described and checked for presence/absence of germination only.
Pteris vittata rhizotron experiments.-Arsenic-spiked soil was prepared by amending commercial soil media (Earth-Gro, Marysville, OH, USA; pH 5.7) with 250 ppm (6 30 ppm) arsenic (as analyzed-See ICP Spectrometry Methods), added in the form of potassium arsenate (KH 2 AsO 4 ). The slightly moistened, amended soil was unused for 24 h to allow adsorption of As to soil particles. As-spiked soil and control (unaltered) soil were placed into rhizotrons with internal dimensions of 38 3 23 3 8 cm. Dividers, which were removed before experimentation to allow root proliferation in both soil types, ensured approximate division of the media to one half of the rhizotron.
Three-month-old P. vittata sporophytes were transferred to rhizotrons, centering the plant over the soil dividing point. All rhizotrons were maintained in a greenhouse at 27uC 6 3uC with a light/dark cycle of 16/8 h and 700 mM?s 21 ?m 22 photon flux for 15 weeks. Shoots were harvested and analyzed for dry weight, fresh weight and As content. Soil from each side of the rhizotron was sieved using ''8'' Newark #2 standard test sieves to separate soil from roots. Roots were rinsed with ddi water to remove residual soil prior to drying in an oven at 70uC for 24 h. Upon drying, roots were weighed to assess growth as a function of dry weight.
Sporophytic arsenic accumulation and PO 4 interaction.-Three-month-old P. vittata sporophytes were transplanted to 19 3 19 3 6 cm flats containing 1 kg of moist soil (pH 5.7) artificially spiked with 0, 550, 1100, and 1650 ppm (6 30 ppm) As. An additional treatment included soil spiked with 550 ppm As and 500 ppm (6 50 ppm) phosphate as potassium phosphate (KH 2 PO 4 ; Sigma-Aldrich [#P 5379]). Fronds were sampled initially and then at twoweek intervals for 10 weeks. Samples from each arsenic treatment were dried and homogenized prior to analysis for arsenic accumulations.
Inductively coupled plasma spectrometry.-Arsenic concentrations were determined by inductively coupled plasma (ICP) spectrometry (Perkin Elmer Emission Spectrometer Plasma 400) at the TTU Center for the Management, Utilization and Protection of Water Resources (Cookeville, TN). Dried samples were ground to a fine powder in liquid nitrogen. Each sample was wet-ashed by the addition of 4 ml 1+1 (35.4%) HNO 3 and 10 ml 1+4 (7.5%) HCl to 1 g (DW) of plant tissue following the method of Jones and Case (1990) . Beakers containing the samples were covered and placed in a water bath for 30 min at 95uC. Samples were then washed twice with 15 ml of ddi water, vacuum filtered (0.45 mm), and completed to 50 ml with ddi water. An As-free control was prepared by completing the combined 4 ml 1+1 HNO 3 and 10 ml 1+4 HCl to 50 ml with ddi water. The ICP data were stoichiometrically evaluated to acquire ppm As values as a function of plant biomass (DW).
Response of P. vittata to foliar as application.-Arsenic-containing herbicide was applied to fully mature, spore-producing sporophytes of P. vittata in the form of calcium acid methanearsonate (CAMA) (commercially available in concentrated or ready-to-use forms as Ortho Weed-B-Gon Crabgrass Killer for Lawns). CAMA treatments contained 0.25%, 0.50%, and 1.0% elemental As. Each of the three treatment groups received 5 ml CAMA solution (to the saturation or dripping point), with the control group sprayed with ddi water only. All treatment groups and the control group were greenhouse-grown for 15 days. One week after initial application, solutions were reapplied in the same amount and concentrations after the Day 7 sampling. Day 0 was considered the first day of the experiment for the randomly selected, uniformly aged plants.
Approximately 100 mg of pinnae samples from each herbicide treatment were procured and placed in capped, glass vials containing 5 ml of N,NDimethylformamide (DMF; Sigma-Aldrich #154814). Samples were then stored in the dark at 4uC for 36 h. DMF solutions were analyzed spectrophotometrically for total chlorophyll and carotenoid contents following the methods of Inskeep and Bloom (1985) and Doong et al. (1993) . A Spectronic 601 spectrophotometer (Milton Roy Co. Rochester, NY) was used to measure absorbance of each sample at 470 nm, 647 nm, and 664.5 nm. Chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoid (Carot) concentrations (mg L 21 ) in pinnae were calculated from the obtained values. Total chlorophyll (Chl TOT ) was calculated by summation of the Chl a and Chl b values.
Data analysis.-Three subsamples and three replicates of each experiment were used for statistical analysis. Statistical analysis followed a randomized complete block design for replicated experiments to ensure differences were due to treatments rather than block variation (Steel and Torrie, 1980) . The blocks represent the replicate series of each experiment. Mean separation for treatments with significant F values (P # 0.05) following analysis of variance was based on least significant difference (LSD) tests (Steel and Torrie, 1980) .
RESULTS
Pteris spp. spore germination.-Germination, defined here as the emergence of gametophytic tissue from spores, of seven Pteris spp. was monitored on control and As-containing media for presence/absence of spore germintaion only. Spore germination of P. cretica var. albolineata, P. cretica 'Major', P. gallinopes, and P. vittata was observed on all As treatments tested (0-2500 ppm As). Pteris cretica 'Parkeri' spores germinated on all treatments except for the two highest As concentrations (1900 and 2500 ppm As) but did not germinate on As + phosphate treatment plates. Pteris pacifica spores germinated only on control, 100 ppm As and As + phosphate treatment plates. Germination of P. ensiformis var. victoriae was not observed at any As treatment; however, germination did occur on control plates.
Long term P. vittata gametophyte growth and uptake of arsenic.-After 10 weeks on As media, abnormal rhizoid growth was observed on gametophytic tissues at the 200 and 625 ppm As treatments. Figures 1 A and B show gametophytes grown on control media and 625 ppm As, respectively. Despite the obvious morphological changes, fertilization events, evidenced by sporophyte development, were still documented on the 200 ppm As medium. Additionally, the gametophytic fresh weights were greater when grown on the 200 and 625 ppm As treatments than the control media (Table 1 ; Fig. 2A) . However, the dry weights of the control, 200 ppm As, and 625 ppm As treatments were not significantly different from one another (Fig. 2B) . Compared to the control, the 1250 ppm As media gametophytic fresh weights were reduced 29% and dry weights were reduced 34% with dense rhizoids no longer being observed on the surface of the gametophytic tissue from this and greater As treatments. Additionally, these effects on plant growth became more pronounced with increasing As concentrations. Malformed gametophytes and sporadic gametophyte mortality were observed at treatments $1250 ppm As.
Accumulation of As by P. vittata gametophytes was elevated and significantly different from controls and between treatments as As increased in the growth media (Table 1 ). No significant difference in As accumulation was observed between the 1250 and 2500 ppm As level. In our study, arsenic accumulation was greatest on the media containing 1250 ppm As (Fig. 3) .
Rhizotron experiments.-Rhizotrons with the As-spiked soil on one half of the rhizotron had significantly greater (1.40 g 6 0.06) dry weight root mass in R FIG. 1. Growth of P. vittata gametophytes on control medium (A) and the presence of dense rhizoids on 625 ppm As medium (B). Note the many emerging sporophytes on control medium (A) and the absence of sporophytes on 625 ppm As medium (B). the soil containing 250 ppm As than in the control soil side (0.89 g 6 0.06) (n 5 15 for each set of rhizotron data analysis.) The root masses within control rhizotrons (which had arsenic-free soil on both sides) did not differ significantly in dry weight root mass on either side (data not shown). Roots of the As-free and As-spiked sides of the treatment rhizotrons were analyzed for As content. Arsenic concentrations in the roots of the control rhizotrons (20 ppm As) and As-free roots of experimental rhizotrons (40 ppm As) did not differ significantly. The majority of the As accumulated by sporophytes was translocated to fronds. Arsenic concentrations in sporophytes exposed to 250 ppm As were nearly ten times higher (3000 ppm 6 460 vs. 330 ppm 6 38 As) in fronds than in roots. In contrast, fronds of the ferns grown in control rhizotrons accumulated approximately 19 ppm As. Lastly, analysis did show some movement of arsenic via leaching over the course of this experiment. However, the level was minimal and resulted in less than 10 ppm As being found in the unspiked arsenic soil.
Sporophytic arsenic accumulation.-After two weeks of exposure, As concentrations were greatest in fronds of sporophytes grown on 1100 ppm As soil and remained as such through the tenth week, at which time As accumulation averaged 6500 ppm (Table 2) . Arsenic accumulation at week 10, in order of decreasing concentration, was as follows: 1100 ppm As; 1650 ppm As; 550 ppm As; 550 ppm As + 500 ppm phosphate; 0 ppm As ( Table 2) . Addition of 500 ppm phosphate to 550 ppm As soil caused a 37% decrease in As uptake by sporophytes (2600 ppm vs. 4150 ppm As).
Chlorophyll and carotenoid analysis post herbicide application.-One week after application of CAMA, toxicity in sporophytes was observed. Chlorosis and downward curling of pinnae were noted for all treatments, with the most pronounced effects being observed in those exposed to the 0.50% and 1.0% As herbicide treatments. Chlorophyll and carotenoid concentrations decreased significantly in pinnae exposed to 0.50% and 1.0% arsenic as well, while changes were not significantly different between control and 0.25% As treatments (Tables 3 and 4) . Total chlorophyll content in pinnae of all CAMAtreated sporophytes was significantly lower at day seven than the control. TABLE 1. Gametophyte fresh weights, dry weights, and As accumulation after 10 weeks of exposure to 0 ppm As (control), 200 ppm As, 625 ppm As, 1250 ppm As, and 2500 ppm As. Arsenic accumulation is given on a dry weight (DW) basis. Least significant difference (LSD) test (P 5 0.05) was used for separation of means. Shared letters within a column represent no significant difference between treatments. The second application of CAMA resulted in additional chlorophyll and carotenoid loss from all treatment groups. By day 15, chlorophyll and carotenoid contents were significantly lower for all CAMA-treated sporophytes when compared to the control. While the fronds showed signs of toxicity at all treatment levels, regrowth of healthy fronds occured in each treatment during and after experimentation.
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DISCUSSION AND CONCLUSIONS
The ability of spores from P. vittata, P. gallinopes, P. cretica var. albolineata, and P. cretica 'Major' to germinate on all As treatments tested indicates that TABLE 2. Arsenic accumulation in P. vittata fronds after 2, 6, and 10 weeks of exposure to 0 ppm soil (control) and artificially-spiked soil containing 550 ppm As, 1100 ppm As, 1650 ppm As, and 550 ppm As + 500 ppm phosphate (PO 4 ). Least significant difference (LSD) test (P 5 0.05) was used for separation of means. Lower case letters denote differences between treatments within a day, and upper case letters denote differences within a given treatment throughout the experiment. 124 Cc 1120 Bc 2610 Ad they are the most As-tolerant species of this study regarding spore germination. Pteris cretica 'Parkeri' also proved very tolerant, germinating on tested treatments below 1900 ppm As. However, lack of germination of P. cretica 'Parkeri' spores on media containing increased phosphate, even with relatively low arsenic, suggests interactions that are not currently understood. Through observation of mature P. vittata sporophytes, we have established that increased phosphate application, possibly through fertilizers, may lead to decreased arsenic accumulation in some species. Further testing is needed to examine the interactive and competitive nature of elevated phosphates in soil medium and its impacts upon all stages of the fern life cycle. Pteris pacifica and P. ensiformis var. victoriae both germinated relatively poorly on arsenicladen media, indicating that development may be impeded in phytoremediation efforts. Further work on the phylgenetic relationships of these species may offer insight into why some species seem to possess abilities not shared with others within the genus Pteris. ) of P. vittata pinnae at day 0, 7, and 15. Herbicide was not applied to the control group with 0.25% As, 0.50% As, and 1.0% As applied to respective treatment groups. Least significant difference (LSD) test (P 5 0.05) was used for separation of means. Same letter denotes no statistical difference. Lower case letters denote differences between treatments within a day, and upper case letters denote differences within a given treatment throughout the experiment. ) of P. vittata pinnae at day 0, 7, and 15. Herbicide was not applied to the control group and 0.25% As, 0.50% As, and 1.0% As applied to respective treatment groups. Least significant difference (LSD) test (P 5 0.05) was used for separation of means. Same letter denotes no statistical difference. Lower case letters denote differences between treatments within a day, and upper case letters denote differences within a given treatment throughout the experiment. Increased fresh weights of gametophytes in the presence of 200 and 625 ppm As indicate a growth strategy for P. vittata that has been adapted to environments high in As, apparently even benefiting from the presence of As. In a similar study, Gumaelius et al. (2004) found gametophytes of P. vittata exposed to low arsenate concentrations (0.2 mM) to be larger than control gametophytes, while cellular shape and organization were relatively unaffected. Ma et al. (2001) reported sporophytes of P. vittata increased in biomass by 40% when exposed to 100 ppm soil As. Additional observations of dense rhizoids on 200 and 625 ppm As treatments may be analogous to increased root production of sporophytes in As-spiked soil, as seen in rhizotron experiments. Decreases in biomass at higher As concentrations ($1250 ppm As) indicate a limit of gametophytic tolerance to arsenic. In the germination experiments few sporophytes developed after maturation of gametophytes in the presence of As and then only at the 200 ppm As level.
% As
In comparing gametophytic and sporophytic tolerance of As, gametophytes appear to be less equipped to tolerate As in the growth media of these experiments. Despite this, in the germination experiments, spores of P. vittata germinated on each treatment. The extent of As accumulation by gametophytes and sporophytes varied. Sporophytes exposed to 550 ppm soil As accumulated, on average, 4140 ppm As (DW) in fronds, whereas gametophytes exposed to 625 ppm As accumulated up to 8960 ppm As (DW). Greater hyperaccumulation of As by gametophytes is likely responsible for eventual negative effects on biomass and may relate to availability of As in the media. The availability of As to organisms is often far less than indicated by total concentrations in soil . This is due in part to As occurring in a number of relatively insoluble forms such as FeAsO 4 and AlAsO 4 (Ma et al., 2001) . Fitz et al. (2003) stated that iron oxides and hydroxides are the primary sorption sites of As in soils. Gametophytes of this experiment were in direct contact with highly available As and accumulated it in high concentrations, likely in response to the relatively few sorption sites in the nutrient agar. Although the mechanism of gametophytic uptake of As remains unknown, the phosphate transport system implicated in sporophytic As uptake is likely involved (Wang et al., 2002) . has estimated up to 5 harvests over 80-100 weeks would be the minimum required for P. vittata to remediate soil contaminated with 100 mg As kg 21 . Self-sustaining populations of P. vittata on As-contaminated sites would alleviate costs associated with initial planting and future plantings of sporophytes after each harvest. Based upon this work with spore germination and gametophyte development, it is probable that germination and then fertilization could occur on soil contaminated with up to 200 ppm As and possibly more. It is highly improbable that gametophytes would be adversely affected by soil As concentrations in which sporophytes could grow.
Observations in the rhizotron experiments of 63% greater root biomass within soils spiked with 250 ppm As suggest that P. vittata has an affinity for soils with high As content. found P. vittata root biomass to exceed that of aboveground tissues after growth on As-amended soil. Many plants respond to internal and external nutrient status and proliferate roots in areas of higher soil nutrient content (Malamy and Ryan, 2001; Williamson et al., 2001) . Schwartz et al. (1999) and Whiting et al. (2000) found roots of the hyperaccumulator Thlaspi caerulescens proliferated in soils with elevated levels of Zn and Cd. The preferential proliferation of roots in zones of contamination is especially beneficial in soils where contamination is heterogeneously distributed (Goodson et al., 2003) . Boyd and Martens (1992) proposed that metal uptake and subsequent hyperaccumulation could act as a defense mechanism against herbivory. Whether the uptake of As is a defense mechanism or if it serves an as yet unascertained metabolic function remains unknown.
Phosphate additions to As-contaminated soils increase solubility, mobility, and phytoavailability of As by anion exchange with adsorbed arsenate, increasing uptake of As by some species (Davenport and Peryea, 1991; Peryea, 1998; Abedin et al., 2002) . However, in this study, sporophytic accumulation of As was 37% less in the phosphate-enriched As treatment than the 550 ppm As counterpart. Inhibition of As uptake by phosphate has been reported in other plants (Asher and Reay, 1979; Meharg et al., 1994; Pickering et al., 2000) .
Arsenate, a phosphate analog, is commonly the inorganic As form most abundant in aerobic environments (Silver and Misra, 1988; Abedin et al., 2002; Meharg and Hartley-Whitaker, 2002; Tu et al., 2003) . Arsenic is likely taken up as arsenate via a phosphate transporter protein in root plasmalemma (Silver and Misra, 1988; Abedin et al., 2002; Meharg and Hartley-Whitaker, 2002) ; however, this transporter has a higher affinity for phosphate than As (Meharg and Macnair, 1990; Meharg and Macnair, 1992; Hartley-Whitaker et al., 2001) . Effects of competition between As and phosphate are plant-specific and are therefore important to consider when a species such as P. vittata is used for phytoremediation efforts.
Differences in competition between As and phosphate likely relate to characteristics of the growth media and root/media interactions. In natural soils arsenate and phosphate may not only compete for uptake but also for sorption sites on soil particles. Therefore, if an As-contaminated soil is amended with phosphate, displacement of adsorbed As may occur, resulting in greater As uptake when compared with unamended soil. If a soil has relatively few or weak sorption sites, or if As is primarily unadsorbed, direct competition between arsenate and phosphate for uptake by roots may result in decreased uptake of As due to the higher affinity of the phosphate transporter for phosphate (Meharg and Macnair, 1990; Meharg and Macnair, 1992; HartleyWhitaker et al., 2001) .
Phosphate additions initially had a greater impact on As hyperaccumulation, and at the end of week six 66% less uptake of As was observed compared to the 550 ppm As treatment. This was possibly due more to the abundant phosphate at the beginning of the experiment being at a competitive advantage for uptake by the plant (Meharg and Macnair, 1990) . Throughout the experiment, the available phosphate pool decreased as it was taken up, and the rate of As uptake increased. Gradual increases in As uptake on phosphate-enriched soils may relate to decreased competition and/or greater production of roots due to phosphate nutrition. Contrasting those of the phosphate treatment, the sporophytes of the 550 ppm As treatment (without phosphate additions) exhibited greater initial As uptake. Arsenic accumulation progressively slowed, likely due to the depletion of available As.
A key characteristic of plants useful to phytoextraction is efficient uptake and translocation of contaminants to harvestable tissue (Lasat et al., 1998; McGrath et al., 2001) . Meharg and Macnair (1992) reported that many plants are tolerant to As by suppression of the high affinity phosphate transport system. Burlo et al. (1999) discovered that tomato plants limit As transport to shoots, accumulating As primarily in roots. In P. vittata, however, As was translocated aboveground and in higher than ambient concentrations; up to 6940 ppm As in fronds on 1100 ppm As soil.
The apparent ease of the movement of As to aboveground portions may relate to the reduction of arsenate to arsenite once inside the plant (Meharg and Hartley-Whitaker, 2002) . According to Meharg and Hartley-Whitaker (2002) , arsenite is easily translocated since it does not compete with phosphate, and this decreased competition may result in moderate tolerance of As by the plant. Huang et al. (2004) used EXAFS to conclude arsenate reduction occurs in roots following uptake, and Webb et al. (2003) found arsenite to be the main As form in both stems and fronds. Zhao et al. (2003) , Bondada et al. (2004) , and Chen et al. (2004) supported the fronds and leaves as the primary sites of arsenate reduction.
Translocation of contaminants to harvestable parts is crucial to phytoextraction (Pickering et al., 2000) . In this study, increased As concentrations in fronds corresponded with higher As concentrations in soil. Hyperaccumulation by sporophytes was significantly greater when grown on the 1100 ppm As treatment than on the 1600 ppm As treatment. reported a similar finding for P. vittata when sporophytes exposed to .100 mg As kg 21 soil accumulated less As in fronds when compared to sporophytes grown on soil with less As. Decreased As uptake at higher ambient concentrations may result from toxicity to roots, thus inhibiting uptake . Despite the possibility of toxicity, fronds of sporophytes grown on all As treatments contained greater As concentrations than the surrounding soil, and no visible signs of toxicity were observed.
In contrast to the remarkable tolerance of gametophytes and sporophytes to As in the growth media, sporophytes were sensitive to foliar-applied CAMA. grew P. vittata on soils with varying concentrations and species of As and found that, though sporophytes were tolerant of up to 500 ppm inorganic arsenicals, sporophyte death occurred on soils containing 50 ppm sodium dimethylarsonate (NaDMA), an organic arsenical. Similarly, CAMA is an organic compound and may circumvent most tolerance mechanisms of P. vittata. Bondada et al. (2004) foliar-applied both arsenate and arsenite, without a surfactant, to fronds of P. vittata, and discovered the fern was tolerant and accumulated As through the leaves. The surfactant in the solutions of the present study likely aided unregulated passage of CAMA through the cuticle into the leaves, leading to chlorophyll and carotenoid decreases. Pteris vittata apparently has limited tolerance to foliar-applied CAMA based upon toxicity varying with CAMA concentration. Though some fronds died as a result of foliar-applied CAMA, new, healthy fronds emerged as the experiment progressed, thus no plant death was observed.
Germination of spores, tolerance of gametophytes, and emergence of sporophytes in the presence of high concentrations of As indicate successional populations of Pteris vittata on sites contaminated with As even at high concentration are possible. Competition between arsenate and phosphate is important to consider with phytoremediation, especially if fertilizers are to be used to enhance efforts. Impressive As hyperaccumulation and cellular tolerance coupled with extensive root systems are further evidence for the potential of P. vittata as a phytoremediator of As contaminated soils.
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